Abstract such as ozone and
Introduction symptoms occur typically in plants that suffer from oxidIn plants, several environmental stresses promote excess ative stress. formation of active oxygen species (AOS ), such as Because maize originates from subtropical regions it is superoxide (O·− 2 ), hydroxyl radical (OH·), and hydrogen not surprising that it is very sensitive to chilling and peroxide (H 2 O 2 ). Such oxidative stress has been shown freezing (Baker, 1994) . Optimal growth conditions for to occur in plants exposed to drought (Mittler and maize are 20-30°C. However, in northern Europe, temperatures of 4-15°C are not rare in the early growing Zilinskas, 1994; Brown et al., 1995) , to air pollutants et al., 1994) . Expression of the bar gene in regenerated R 0 season. Moreover, the combination of high light intensitplants was monitored by a herbicide treatment with phosphinies and low temperatures (as experienced on chilly, but othricin (PPT ) in a paint assay in the greenhouse (De Block sunny mornings in spring) can cause dramatic damage to et al., 1987) . By using polymerase chain reaction (PCR), 135 young maize seedlings. Low temperature stress is import-R 0 PPT-resistant transgenic plants were tested for the presence of the MnSOD gene construct. As 99 lines scored positively for ant for a total area of 1.3×106 hectares of maize, grown the presence of the MnSOD transgene, a high frequency of in the northern parts of Europe. cotransformation was found. These lines were back-crossed In maize, the effects of chilling on the generation of with the parental line H99 and 63 of the 99 plants produced oxidative stress have been analysed in some detail (Prasad seeds . The presence and expression of the MnSOD gene et al., 1994a, b) . Under moderate stress conditions, the construct was assayed by PCR, RNA, and protein gel blot analyses. Transgenic MnSOD mRNA and protein could only AOS generated can be scavenged efficiently by the endobe detected in seven of the 63 lines. The lines that scored genous defence systems. However, during periods of positively for recombinant MnSOD proteins were assayed for severe stress, the scavenging system becomes saturated increased MnSOD activity levels in a SOD activity gel assay and the increased rate of AOS production results in (Beauchamp and Fridovich, 1971 Fe-, and Mn-containing isozymes. In general, plants (Bowler et al., 1991) .
contain a mitochondrial MnSOD, as well as a cytosolic and a plastidic Cu/ZnSOD (for a review, see Inzé and SOD gel assay Van Montagu, 1995) . Recently, it has become clear Soluble proteins were extracted from maize leaves and assayed that many plants contain plastidic FeSOD ( Van Camp for SOD activity on native 10% polyacrylamide gels using the in situ staining technique of Beauchamp and Fridovich (1971), et al., 1996) . In maize, ten SOD isozymes are known:
as previously described ( Van Camp et al., 1990 ellipsoidea, a chilling-resistant strain contained more SOD RNA was electrophoresed as described (Mironov et al., 1994) than a sensitive one (Clare et al., 1984) . In maize, SOD 1996), and paraquat (Bowler et al., 1991; Aono et al., DNA for PCR analyses was extracted by punching a leaf disc 1995; Slooten et al., 1995; Van Camp et al., 1996) .
from each plant was punched with the lid of a 1.5 ml
Here, the effect of MnSOD overproduction on stress microcentrifuge tube ( Edwards et al., 1991). tolerance is shown in an economically important monocotyledonous crop, maize. Transgenic maize lines of a temperatures of either 17/15°C or 25/22°C. The light intensity was 1.6 mmol m−2 s−1 during the first 0.5 h ('dawn'), 900 mmol m−2 s−1 during the next 15 h ('day'), and again 1.6 mmol m−2 s−1 during the last 0.5 h ('dusk'). The dawn and dusk light was provided by incandescent lamps, and the daylight by fluorescent tubes. The pots were shifted around every day in the growth chamber to avoid adaptation of the plants to local differences in temperature or light intensity. formants MnSOD mRNA and protein could be detected. Two lines (denominated TG1+ and TG2+) showed an transgenes (data not shown).
(1991). The SOD activity was determined with and without 2 mM KCN which causes a virtually complete inhibition of
Both transgenic lines contain the transgenic MnSOD
Cu/ZnSOD (Geller and Winge, 1984) . The activity of ascorbate protein ( Fig. 2A ) and high levels of MnSOD mRNA peroxidase, dehydroascorbate reductase, and monodehydro- ( Fig. 2B) . Figure 2C shows the SOD activity obtained ascorbate reductase was determined as described by Slooten after non-denaturing polyacrylamide gel electrophoresis et al. (1995) .
of leaf protein extracts from transgenic and control plants in line TG1+, by testing the ability of SOD to prevent O·− 2 -dependent formazan precipitation. In the control Results plants the banding pattern was dominated by four sharp Overproduction of Nicotiana plumbaginifolia MnSOD in peaks, labelled 1 to 4 in order of increasing mobility. transgenic maize plants These SOD activity bands were completely suppressed when the gels were pretreated with 2 mM KCN, and were Overproduction of MnSOD in chloroplasts of dicotyledonous species provides protection against various stress therefore ascribed to Cu/Zn isoforms. In addition, a more diffuse band labelled D was present in control plants conditions (Inzé and Van Montagu, 1995) . To test the effect of MnSOD overproduction in monocotyledonous located between bands 2 and 3. The staining intensity of this D band (relative to that of bands 1 to 4) was variable species, a pCaMV35S-chltp-MnSOD construct was introduced into maize. The coding region of the MnSOD and exhibited a variable sensitivity towards KCN between experiments, suggesting that this band might represent an cDNA was fused to the chloroplast-targeting peptide of the small subunit gene from ribulose-1,5-bisphosphate endogenous FeSOD. Transgenic plants exhibited a sixth band ( labelled Tg). This SOD activity band was insensitcarboxylase and cloned in a transformation vector (pHW165) with the CaMV 35S promoter ( Fig. 1). ive to KCN and H 2 O 2 and was therefore a MnSOD isoform. Transgenic TG2+ plants had a similar pattern. Together with plasmid pDE110, which serves as a selectable marker, pHW165 was introduced into maize
In both lines, the recombinant MnSOD protein was correctly targeted to the chloroplasts and was predomiembryos as described by Register III et al. (1994) . Transgenic plants were regenerated from PPT-resistant nantly present in the chloroplasts of the bundle sheath cells ( Van Breusegem et al., 1998) . calli and transferred to the greenhouse. The expression tended to suffer less ion leakage after MV treatment than those from control plants. This was clearly evident in line TG1+ (Fig. 3A) , in which the difference was significant at the 99.5% level in a 2-sided t-test. In line TG2+, the same trend was observed, but the difference between transgenic and control plants was smaller, in agreement with the lower transgenic MnSOD activity in this line (Fig. 3B) . PSII reaction centres of control plants were, however, equally sensitive to MV treatment as transgenic plants (data not shown). When plants were grown at 17/15°C, the differences in resistance to MV between control and transgenic plants were smaller and not significant at the 95% level (Fig. 3C, D) . Transgene growth. The rates of leaf elongation, leaf fresh weight and plant dry weight were measured in wild-type and transgenic plants of both lines grown at optimal and Oxidative stress tolerance of transgenic and control plants chilling temperatures. Both transgenic lines ( TG1+ and Transgenic R 1 plants were back-crossed with the untrans-TG2+) were grown in batches of approximately 40 plants formed parental line H99 to obtain R 2 seed stocks. at two temperature regimes with day/night temperatures Consequently, in each seed lot half of the plants were of 25/22°C and 17/15°C, respectively. The latter regime heterozygous for the transgenes, whereas the other half mimics a prolonged, moderate chilling stress (see below). did not possess the transgenes. This segregating populaAt either growth regime, over 100 plants were tested in tion was used in each of the following experiments and three independent experiments. On average, the growth the wild-type plants were used as negative internal conrate of the transgenic plants in both lines ( TG1+ and trols. Transgenic plants were distinguished from wild-TG2+) increased compared to that of the controls when type plants routinely by PCR and Western analysis scoring the growth temperature was lowered from 25/22°C to for the presence of the transgenic MnSOD and its corres-17/15°C. However, this tendency was not consistently ponding protein levels. In each experiment several transstatistically significant, despite identical transgenic genics were assayed for transgenic MnSOD activity. In MnSOD activity in all transgenic plants (data not shown). all cases similar transgenic MnSOD was detected. All experiments were performed with R 2 plants.
Foliar antioxidant enzyme activities and MV sensitivity in The redox-cycling herbicide, MV was used to assess relation to the growth temperature the oxidative stress tolerance of MnSOD-overproducing
The growth rate of line H99 was at 17/15°C approxiand control plants. Control experiments (data not shown) mately 50% lower than at 25/22°C (Fig. 4) . The question indicated that under the present assay conditions, almost to what extent oxidative stress is involved in the apparent all of the MV-mediated damage was dependent on lightsensitivity of this line to even moderate chilling conditions induced electron transport. Damage was measured from was addressed. Plants grown at 17/15°C usually exhibited ion leakage or from a decrease in photosystem II (PSII ) an increased malfunction of the plasmalemma compared reaction centre activity (F v /F m ) (Slooten et al., 1995) . The to plants grown at 25/22°C, as suggested by ion leakage light-induced damage was almost completely inhibited by from leaf discs floating on water. The conductivity of the the chloroplast electron transport inhibitor, 3-(3∞-dichlorofloating solution, after 40 h of incubation was 2.90±0.11 phenyl )-1,1-dimethyl urea (data not shown). and 1.04±0.06 mS cm−1 per 35 mg fresh weight after Figure 3 presents the MV tolerance of transgenic plants. Leaf discs of transgenic plants grown at 25/22°C growth at 17/15°C or 25/22°C, respectively (mean± . Cu/Zn SOD activity transiently induced during growth at chilling temperatures. Elongation of leaf 2 from maize line H99 during growth at the indicated day/night temperature regimes (squares and rectangles) and Cu/ZnSOD activity after growth at the indicated temperature regimes (black and cross-ruled bars). Each point is the average of three measurements on a single extract.
SEM; n=121 and n=97). Such a malfunction may be 13-16 d after transfer to the growth chamber. Thereafter, the activity declined to a final level that was approximately due to membrane lipid peroxidation, suggesting that line H99 undergoes indeed oxidative stress when grown at the same as during growth at higher temperatures. The onset of the decline seems to precede the cessation of leaf 17/15°C (Montané et al., 1997; Fryer et al., 1998) .
Subsequently, activities of antioxidant enzymes were elongation in leaf 2 (Fig. 4) . Intermediate results were obtained during growth at 21/15°C. There was likewise analysed in the second leaf of maize plants grown at different temperatures. Although there was scatter on the a transient increase in Cu/ZnSOD activity, but this increase occurred more slowly, and the peak values were data concerning SOD activities, some clear trends became apparent. Figure 4 shows that during growth at normal lower than during growth at 17/15°C (data not shown). Besides Cu/ZnSOD, only dehydroascorbate reductase. temperatures, the total Cu/ZnSOD activity in leaf 2 did not vary much with age. However, during growth at exhibited an increase in activity, on a fresh weight basis, in plants grown at 17/15°C, compared with plants grown 17/15°C a transient increase in Cu/ZnSOD activity was observed to a peak level, which was maintained from at 25/22°C. Other antioxidant enzymes (ascorbate peroxi-dase and monodehydroascorbate reductase) did not show Both transgenic lines were also monitored for improved growth at optimal and chilling temperatures. Although any significant variation in activity with age ( Table 1) .
tendencies of better growth of the transgenics at chilling temperatures are present, no statistically significant Discussion growth advantages could be attributed to the transgenic lines. Active oxygen species cause cellular damage during a wide variety of environmental stresses including chilling
The interpretation of the data concerning tolerance to chilling and to MV is complicated by the fact that in stress. Oxidative stress tolerance has been correlated with enhanced levels of SODs in plants. In most cases, transmaize, a C 4 plant, there is a sharp division of photosynthetic activities between mesophyll and bundle sheath genic plants overproducing SODs show enhanced tolerance to the experienced stresses (Bowler et al., 1991; Sen cells. Mesophyll cells convert pyruvate into malate in a series of reactions involving, among others, the operation Gupta et al., 1993; Aono et al., 1995; Slooten et al., 1995; McKersie et al., 1996; Van Camp et al., 1996) . Because of a non-cyclic photosynthetic electron transfer chain involving PSII as well as PSI, CO 2 assimilation via maize is originally a subtropical species, it is very susceptible to chilling stress when grown in northern climates.
phosphoenolpyruvate carboxylase, and reduction of oxaloacetate by NADP-malate dehydrogenase. Malate is To enhance oxidative stress tolerance and, in particular, tolerance towards chilling stress, transgenic maize lines then transported to the bundle sheath chloroplasts, where it is decarboxylated by NAD-malic enzyme. The liberated were generated that overproduce N. plumbaginifolia MnSOD.
CO 2 is fixed again by ribulose-1,5-bisphosphate carboxylase. Bundle sheath chloroplasts carry out mainly Transgenic maize plants ( TG1+) overproducing MnSOD in the chloroplasts have enhanced tolerance cyclic electron flow around PSI, are deficient in PSII and exhibit little O 2 evolution ( Ku et al., 1974 ; Hatch and to oxidative stress as indicated by attenuation of MV-induced damage after growth at 25/22°C. The proOsmond, 1976). However, the capacity for non-cyclic electron flow is not totally absent from bundle sheath tection was observed only in conductance measurements and not in measurements of F v /F max . This suggests that strands or chloroplasts (Nakano and Edwards, 1987) . Pseudocyclic electron flow (from water to oxygen) medithe overproduced MnSOD protects the membranes, but not the PSII reaction centre against MV-induced damage.
ated by MV has been observed in bundle sheath cells ( Walker and Izawa, 1979) . It is therefore not totally This was also observed in tobacco (Nicotiana tabacum L.) lines, which were transformed with the same MnSOD unexpected that (in line TG1+) after growth at 25/22°C, transgenic plants overproducing MnSOD predominantly expression cassette as used for maize (Slooten et al., 1995) . By contrast, overproduction of a chloroplastic in the bundle sheath cells had an enhanced oxidative stress tolerance, as indicated by attenuation of MVFeSOD in the chloroplasts of tobacco resulted in protection of both the membranes and the PSII reaction centre induced damage. Interestingly, Doulis et al. (1997) showed that total SOD activity in maize could only be against MV-induced damage. Little difference is found among the three types of SOD enzymes regarding their detected in bundle sheath cells. Exclusive presence of the transgenic MnSOD in the bundle sheath cells will probenzymatic properties (Asada and Takahashi, 1987) , but the differential protective effect of FeSOD and MnSOD ably also influence the expected protective effect of MnSOD in the transgenic maize plants during chilling may be related to their suborganellar location in the chloroplasts ( Van Camp et al., 1996) . In line TG2, there stress. Overexpression of antioxidant enzymes in both cell types, or exclusively in mesophyll cells, could generate was no statistically significant protection against MV. This observation could be explained by the lower levels transgenic plants with better tolerance towards oxidative and chilling stress. The difference in MV sensitivity in of transgenic SOD activity in this line.
line TG1+ between transgenic and wild-type plants was larger after growth at 25/22°C than after growth at (Fig. 3A, C ) . A similar tendency was observed type plants grown at two temperature regimes in TG2+ ( Fig. 3B, 3D ). The reason for this difference is activities in mesophyll and bundle sheath cells of maize.
This might reflect some disorganization at low temper- 
